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RAPD-Derived Markers Linked to the Mia Resistance Gene Cluster in Barley 
Karin Sue Gobelman-Werner 
Major Professor: Roger P. Wise 
Iowa State University 
Powdery mildew of barley, caused by Erysiphe graminis f. sp. hordei, is an 
obligate fungal pathogen that is distributed widely throughout the world. Ml genes 
mediate resistance to E. graminis in barley. The Mla6, Mla14, Mla13, and MI-Ru3 
variants are clustered together and located on chromosome 5 (1 H). 
Three markers linked to the Mia locus were identified using random 
amplified polymorphic DNAs (RAPDs) and bulked segregant analysis. Seven 
hundred and thirty-nine RAPD primers were used to screen pools containing C.I. 
16151 (which contains the Mla6 + Mla14 resistance specificities) and C. I. 16155 
(which contains the Mla13 + MI-Ru3 resistance specificities). A 1500-bp DNA 
fragment amplified by primer OPA-10 mapped between Hort and XChs3. 
Similarly, a 950-bp DNA fragment amplified by primer UBC-465 is located between 
XChs3 and Xmwg068. Finally, a 1626-bp DNA fragment amplified by primer UBC-
165 mapped 0.28 cM proximal to the Mia cluster. Twenty sequenced-tagged site 
(STS) primers were developed from the UBC-16521626.sequence. Eight STS 
products from UBC-16521626 primers mapped 0.28 cM distal to the Mia resistance 
gene cluster. The FR1062 marker primer pairs PO and P1034RC were used in the 
identification of tightly linked YAC clones from the cultivars Ingrid and Franka. 
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GENERAL INTRODUCTION 
Thesis Organization 
This thesis describes the identification of RAPD-derived markers in barley. 
The literature review describes of the relationship between a plant host and fungal 
pathogen, genetic maps and the techniques involved in developing new markers. 
References are listed following both the literature review and the paper. The paper 
"RAPD-Derived Markers Linked to the Mia Resistance Gene Cluster in Barley " is to 
be submitted electronically to the Journal of Agricultural Genomics (JAG). A 
general conclusion follows the paper. Additional information is included in three 
appendices; the first appendix is the original RAPD data, the second appendix is 
the preliminary research for setting up RAPDs and bulked segregant analysis and 
the third appendix has additional references for trouble-shooting PCR. 
Literature Review 
Barley 
Barley (Hordeum vulgare L.) is one the oldest cultivated crops and the fourth 
in hectares harvested after wheat, rice, and maize (Briggs 1978; FAOST AT 
Database, 1998, http://www.apps.fao.org: 8080/servlet/XteServlet?Areas=862& 
ltems=1817&). This cereal crop is primarily grown in northwestern Europe, a few 
selected areas in North and South America, Australia and Asia. Barley is a true 
diploid with a haploid chromosome number of seven and a large genome of 
approximately 5,360-Mb (Bennett and Smith 1976; Arumuganathan and Earle 
1991 ). Contemporary breeding practices have improved barley yield, grain quality, 
kernel weight and many other agronomic traits. However, when grown in a cool, 
wet climate, barley can be highly susceptible to powdery mildew, which is caused 
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by the obligate fungal pathogen, Erysiphe graminis DC. Merat f. sp. hordei Em. 
Marchal. 
Powdery Mildew Resistance 
When inoculated by various races of E. graminis, different barley cultivars 
may express unique infection types to the pathogen, thus allowing the identification 
of individual resistance genes (Wise and Ellingboe 1983). Studies of the reaction 
of barley lines to various pathogens indicate that cultivars can possess more than 
one resistance gene (Wiberg 197 4). Most of the genes that confer resistance to 
powdery mildew in barley (designated M~ are located on chromosomes 2, 4, 5, 
and 6. These genes are assigned to 11 distinct groups: Mila lies on chromosome 
2 (2H) (Giese et al. 1993); Mfg and m/o, are positioned on chromosome 4 (4H) 
(Hinze et al. 1991; Gorg et al. 1993); Mlat, Mia, Mlk, Minn, Mira, M/Ga, and Mlp are 
located on the short arm of chromosome 5 (1 H) (reviewed by J0rgensen 1994); 
and Mlh lies on chromosome 6 (6H) (S0gaard and Wettstein-Knowles 1987; 
J0rgensen and Jensen 1976). At least 30 Mia specificities in barley have been 
identified which confer resistance to E. graminis (J0rgensen and Moseman 1972; 
J0rgensen and Jensen 1976; Hinze et al. 1991; Gorg et al. 1993; J0rgensen 1994; 
Kintzios et al. 1995). The relationship between the avirulence genes of the 
pathogen and the resistance genes in the host creates a platform for host-pathogen 
interaction in barley to be studied. 
Due to the susceptibility of barley to a variety of diseases, many of its 
agronomic traits are affected. The identification and incorporation of new 
resistance genes into otherwise susceptible barley cultivars would be of 
considerable agronomic and commercial importance. However, traditional 
breeding strategies aimed at introducing resistance genes into susceptible 
cultivars tend to be time consuming, costly and often result in undesirable linked 
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genes also being introduced unintentionally. New technologies are now making 
advancements in manipulating the genetic makeup of the cultivated barley 
(Cocking 1990). Indeed, one of the major current goals in plant biological research 
is the clarification of the complex relationship that exists between host and 
pathogen at the molecular level. 
Many plant-pathogen interactions demonstrate a gene-for-gene relationship. 
Flor (1956) first defined the gene-for-gene relationship between the host and 
pathogen. The resistance gene in the host is not effective unless there is a 
complimentary avirulence gene in the pathogen. However, this definition only 
describes the relationship in which major genes determine resistance. Flor (1971) 
re-adjusted his gene-for-gene relationship definition to account for other genes that 
may also influence the relationship between the host and the pathogen. For 
example, the Mla12 resistance gene confers a race-specific response against the 
A6 isolate of powdery mildew. Nevertheless, this response also requires both 
genes Rar-1 and Rar-2 to be effective (Freialdenhoven et al. 1994). Similarly, 
Freialdenhoven et al. (1996) demonstrated that the effectiveness of the mlo 
resistance gene requires the action of two supplementary genes, Ror1 and Ror2. 
Hence, resistance genes do not function independently, but rathe}r require other 
genes. In the development of broad-based resistance, the function of all types of 
genes must be considered. 
Resistance Dependability 
Flor (1971) believed that broad-based resistance to a pathogen did not 
seem possible because of the overloading of the plants with resistance genes. 
When a resistance gene was introduced into a susceptible cultivar, it sometimes 
was unstable. The fluctuating resistance to new or different pathogen isolates was 
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not expected (Wiberg 1974). It has been demonstrated that the intra-specific 
transfer of traits of agronomic importance such as resistance genes is feasible 
(Pickering et al. 1987; Xu and Snape 1989; Lehmann 1991 ). However, a simple 
breeding program using an inter-specific cross of most Hordeum species has been 
difficult to achieve. 
Wild (Hordeum bulbosum and H. spontaneum) and cultivated barley (H. 
vulgare) are distantly related, but cultivated barley has sensitivity to genetic 
imbalance (Both mer et al. 1991 ). Pickering et al. (1987) first reported an example 
of a powdery mildew-resistance gene was transferred from H. bulbosum into 
81882/83 (H. vulgare). The chromosomal position of this gene was determined by 
restriction fragment length polymorphism (RFLP) and amplified fragment length 
polymorphism (AFLP) analysis and was shown to be located on chromosome 2 
. . 
(2A) (Pickering et al. 1995). The transfer of H. bulbosum resistance into cultivated 
barley is promising since a single gene controls most of the powdery mildew 
resistance. H. bulbosum L. shows resistance to many powdery mildew isolates 
and has many useful agronomic traits which makes it a likely candidate to be used 
in a breeding program (Xu and Kasha 1992). 
A powdery mildew resistance gene from H. bulbosum tetraploid hybrid was 
transferred into cultivated barley H. vulgare in 1992 (Xu and Kasha 1992). Four 
different H. vulgare accessions were crossed by H. bulbosum. The progenies were 
tested with a mixture of powdery mildew isolates to verify presence and stability of 
the transferred resistance. The transferred H. bulbosum DNA was identified using 
H. bulbosum species-specific DNA probes. Further independent testing showed 
that the transfer of disease resistance and H. bulbosum germplasm to be from a 
single locus. 
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Once resistance genes are transferred from resistant to susceptible plants, 
the question of whether or not the various genes were linked to each other needs 
to be confirmed. Many researchers attempted to verify the transfer of resistance to 
susceptible cultivars and their.linkage to each other. While, Michel (1995) 
identified a tetraploid-hybrid barley line (14/1 /30), which contained H. bulbosum 
DNA. Michel believed that this barley line resistance to powdery mildew was due 
to a single dominant gene. Pickering (1995) concluded that two different powdery 
mildew resistance genes that were transferred from H. bulbosum into 14/1 /30 by 
Michel (1995) and 81882/83 by Pickering (1987) were closely linked. The powdery 
mildew resistance genes transferred from H. bulbosum by Xu and Kasha (1992) 
were non-allelic to the powdery resistance gene by Pickering (1987). The 
confirmation of the linkage between these transferred genes was made easier with 
genetic maps. 
Genetic Maps 
Genetic maps are established by the statistical analysis of recombination 
frequencies, with the frequency increasing with map distance. The map distances 
are expressed as centiMorgans (cM). Monitoring the segregation of homologous 
sequences at the DNA level makes possible the creation of a linkage map with a 
higher saturation of markers. This necessitates the identification of F2 individuals 
that carry recombination breakpoints that are located close to a gene of interest. 
Because breakpoints occur randomly, the probability of a breakpoint lying close to 
a gene of interest increases as population size increases. Molecular marker 
positions can then be estimated based on the number of breakpoints occurring 
between flanking markers. 
6 
Detailed maps of the barley genome help in the identification of genes of 
interest and facilitates the cloning of a particular gene by chromosome walking or 
landing. Shin et al. (1990) constructed a partial map from a cross of multiple 
recessive marker stock (MMS) and parental two-row cultivar Apex. Graner et al. 
(1991) constructed a genetic map comprised of RFLP markers using two barley 
populations. The first population consisted of an intra-specific cross of lgri 
(containing the MlaB specificity) and Franka (containing the Mla6 specificity). The 
second population contained inter-specific progeny from a cross of Vada x 
Hordeum spontaneum. Heun et al. (1991) constructed a map from a cross of the 
parental cultivars Proctor x Nudinka (containing the Mla12 specificity). Kleinhofs et 
al. (1993) constructed a map from a cross of the parental cultivars Steptoe x Morex. 
The Steptoe x Morex map was compared to the MMS x Apex (Shin et al. 1990), 
Proctor x Nudinka (Heun et al. 1991 ), and lgri x Franka (Graner et al. 1991) RFLP 
maps. There was no significant difference in the number of markers placed or the 
genetic distances on each chromosome among these genetic maps. These RFLP 
genetic maps exhibit the distance between available markers; however, there are 
not enough markers to facilitate chromosome landing to any gene of interest. 
A high-resolution map facilitates positional cloning of a gene of interest, 
allows accurate positioning of markers, and resolves tightly linked genes. 
Frequently, genes conferring resistance are clustered together in the genome, such 
as the Mia locus in barley (Wise and Ellingboe 1985; J0rgensen 1992; Garg et al. 
1993; Mahadevappa et al. 1994; DeScenzo et al. 1994), the Om loci in lettuce 
(Lactuca sativa L.) (Hulbert and Michelmore 1985; Farrara et al. 1987; Paran et al. 
1991; Bonnier et al. 1994; Maisonneuve et al. 1994), theRp1 loci in maize (Zea 
mayes) (Saxena and Hooker 1968; Pryor 1987;Hulbert and Bennetzen 1991; 
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Sudupak et al. 1993), and the Pc loci in oat (Avena) (Rayapati et al. 1994; Wise et 
al. 1996). 
RFLPs are used to create linkage maps, but are time consuming and 
generally require the use of radioactive isotopes. These are a few of the 
implications associated with genetic maps generated by RFLP. New techniques 
are needed which are quick, easy, non-radioactive and capable of developing 
more markers located on present RFLP maps. 
Polymerase Chain Reaction 
Polymerase Chain Reaction (PCR) is a technique to amplify small amount of 
DNA or RNA to high copy number. The PCR process has the advantage of being 
simple, fast, sensitive, specific, cost efficient and versatile. The disadvantages are 
the prior knowledge of the sequence required, DNA contamination and the error 
rate in the Taq polymerase. A basic PCR amplification reaction (Innis et al. 1990) 
depends on the mixture of template DNA (105 to 106 target molecules), 
oligonucleotide primer, master mix of buffers, deoxynucleotide triphosphates, Taq 
polymerase, and a thermocycler. A multi-step process of 25 to 35 cycles is 
performed where different temperatures and time are needed to denature the DNA, 
anneal the primer, and extend the target DNA. The versatility is in the manipulation 
of any step of this multi-step process to optimize the protocol for any given PCR 
application. 
Optimization of the following conditions and components eliminates 
spurious results and can change the result of the experiment. High primer 
concentration promotes the mispriming and accumulation of nonspecific product 
that may increase the probability of generating a template-independent artifact 
(primer-dimer). The magnesium concentration has an extensive affect on primer 
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annealing, strand dissociation temperature, formation of primer-dimer artifacts, 
enzyme activity, and fidelity. All four of the deoxynucleotide triphosphates should 
be used at the same concentrations; low deoxynucleotide triphosphate 
concentrations minimize mispriming at non-target sites and reduce the likelihood of 
mis-incorporation of nucleotides. If the concentration of the Taq polymerase is too 
high, and then nonspecific background products may accumulate; if the 
concentration is too low, then an insufficient amount of product is made. A 
denaturation temperature that is too high leads to unnecessary loss of enzyme 
activity, but a low denaturation temperature results in incomplete denaturation, 
which allows the DNA strands to "snap back" and thus reduces product yield. 
Primer annealing temperature and time depends upon the base composition, 
length, and concentration of the amplification primers. An increase of the 
annealing temperature enhances discrimination against incorrectly annealed 
primers and reduces mis-extension of incorrect nucleotides at the 3' end of primers. 
Primer extension time and temperature depends upon the length and 
concentration of the target sequence. Too many cycles can increase the amount 
and complexity of nonspecific background products while too few cycles give low 
product yield (Innis et al. 1990). 
A quick, efficient PCR non-radioactive DNA fingerprinting tool that shares the 
advantages of RFLP without its disadvantages is Random Amplified Polymorphic 
DNAs (RAPDs). Two different researchers developed the original PCR based 
fingerprinting technique that required no prior knowledge of the target DNA 
sequence. The Arbitrary Primed Polymerase Chain Reaction (AP-PCR) developed 
by Welsh et al. (1992) uses a single, arbitrarily chosen PCR primer of 20 to 30 base 
oligonucleotides to reveal polymorphism between two genomes. Alternatively, 
Williams et al. (1990) established the Random Amplified Polymorphic DNA (RAPD) 
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technique that detects polymorphism using a single 1 O base random 
oligonucleotides as the primer. Both assays share the advantages of RFLP without 
the disadvantages. These assays are non-radioactive, fast, simple, applicable to a 
broad range of species, require only nanogram quantities of DNA, and can 
produce, in some cases, a dominant marker. However, both techniques were 
devised at approximately the same time, but it is the RAPD technique of Williams, 
which is more readily known. 
AP-PGR and RAPD techniques are an efficient assay for polymorphism in 
the rapid identification and isolation of chromosome-specific DNA fragments. 
These techniques are a link between the genetic and physical maps and are now 
widely used in breeding programs, genetic mapping, population genetics, and 
epidemiology. A large variety of organisms including insects, plants, pathogens 
and many other species have used AP-PCR and RAPD techniques. Examples of 
some of the species are aphids (Black, et al. 1992), grasshoppers (Chapcoet al. 
1992), honeybee (Hunt and P. 1992), apples (Koller et al. 1993), rice (Yu and 
Nguyen 1994), sorghum (Vierling et al. 1994), barley (Tinker et al. 1993), Norway 
spruce (Binelli and Bucci 1994), Brassica (Demeke et al. 1992; Horn and Rafalski 
1992; Santos et al. 1994), and Colletotrichum (Guthrie et al. 1992). Questions 
arose regarding the reproducibility and the mode of inheritance of RAPD markers. 
The question as to the authenticity of the results shadows the universality and 
advantages of RAPDs. Studies were done concerning the reproducibility of the 
RAPD bands between different labs (Penner et al. 1993), scoring errors (Skroch 
and Nienhuis 1995), and inheritance of RAPD markers (Heun and Helentjaris 
1993). 
Penner et al. (1993) concluded if the running conditions are similar, 
including the type of thermocycler, annealing temperature and especially the 
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temperature profiles inside the tubes, then reproducibility is achievable. Scoring 
errors can account for the variation in estimates of genetic distance across 
independent sets of RAPD bands (Skroch and Nienhuis 1995). The probability of a 
particular band being consistently scored in duplicate data is dependent on the 
uniformity of the amplification conditions in the experiment and the relative strength 
of the RAPD band. Therefore, it is necessary to minimize the differences in the 
reaction conditions between data generated in repeated experiments. Another 
problem encountered with the RAPD technique is the complexity involved in the 
monitoring the inheritance of these markers. RAPDs do not follow the simple 
dominant inheritance of Mendelian genetics (Heun and Helentjaris 1993). For any 
particular generated band, inheritance must be verified before the RAPD data can 
be used with some confidence. Despite the questions about RAPDs, this technique 
has generated genetic information for a large variety of flora and fauna in a shorter 
period of time than any other technique. 
Another tool to facilitate and expedite the mapping process is bulked 
segregant analysis (BSA), which involves the pooling of DNA from individuals in a 
segregating population. One of the advantages of pooling the DNA samples is the 
ability to target discrete intervals in the genome. Each pool consists of individuals 
that are identical for the trait or gene of interest but are arbitrary for all other genes 
(Giovannoni et al. 1991; Michelmore et al. 1991 ). Giovannoni et al. (1991) uses the 
pooling of homozygous individuals across a target interval based on known 
markers within the interval. Alternatively, Michelmore et al. (1991) pooled the 
individuals based on the homogeneity at a single genetic point in a population 
segregating for the target of interest. Giovannoni's strategy is more versatile and 
has achieved a greater saturation of molecular markers while Michelmore's 
strategy is useful for the markers linked to a gene of interest. 
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Bulked segregant analysis overcomes the problem of trying to isolate new 
markers near an area of interest when near isogenic lines (Nils) are not available. 
Nevertheless, optimization of the correct pool size is essential to this technique. If 
the pool size is too large or small then false positives are generated, but these can 
be detected with analysis of the segregating population. Pooled individuals define 
the genetic window surrounding the area of interest by genotype (Reiter et al. 1992; 
Chaparro et al. 1994), or by phenotype (Leiner et al. 1995). Bulked segregant 
analysis has been used in the identification of new markers, efficiently filling of 
gaps in genetic maps or at ends of linkage groups, detecting non-segregating 
genetic loci, and helping score chromosomal structural and functional loci in a 
RFLP map. This technique has been used in finding the location of quantitative 
trait loci (Chalmers et al. 1993; Wang and Paterson 1994), the Rfo fertility restorer 
gene in Brassica (Delourme et al. 1994), and resistance genes in various crop 
plants (Haley et al. 1993; Miklas et al. 1993; Mohan et al. 1994; Oh et al. 1994; 
Johnson et al. 1995; Leiner et al. 1995; Mouzeyar et al. 1995; Poulsen et al. 1995; 
Wechter et al. 1995). 
After ascertaining the proper techniques, the products obtained from the 
combination of the RAPD and BSA techniques may or may not be useful as 
molecular markers. If the amplified DNA product is not highly repetitive, then the 
product can be used directly as a RFLP marker. If the amplified DNA product is 
highly repetitive then it may be necessary to characterize the amplified product in 
which non-repetitive polymorphic regions can be identified and isolated. 
Sequenced-tagged site (STS) and sequenced characterized amplified regions 
(SCARs) are two different techniques used to transform the DNA sequence. 
Though similar in the design, there are some differences between STS and 
SCARs. 
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A sequenced-tagged site (STS) is a short, unique sequence, amplified by 
PCR, which identifies a known location on a chromosome (Tragoonrung et al. 
1992). STSs, by the original definition, are developed from molecular fragments 
that contain repetitive DNA to produce a non-repetitive DNA fragment. STS-type 
markers are inherited co-dominantly, permitting easy transfer of markers between 
genetic maps of different crosses. This is in contrast to a dominant PCR-type 
marker that requires the generation of a new map for each cross (Thomas and 
Scott 1993). STS markers are independent of the specific method employed in the 
physical mapping that allows for the communication between laboratories. The 
need to store and distribute large number of clones was eliminated (Paran and 
Michelmore 1993). STS markers have been identified with barley (Tragoonrung et 
al. 1992), grapes (Thomas and Scott 1993), and wheat (Schachermayr et al. 1994; 
Talbot et al. 1994; Feuillet et al. 1995). 
Alternately, sequenced characterized amplified regions (SCARs) are PCR-
based markers that represent single, genetically defined loci that are identified with 
pairs of specific oligonucleotide primers and may contain high-copy, dispersed 
genome sequences within an amplified region (Paran and Michelmore 1993). 
SCARs share the advantages of STSs but are distinct in two aspects: 1) they can 
be used as both physical and genetic markers, and 2) within the amplified fragment 
they can contain repetitive DNA sequences. SCARs are primarily defined 
genetically and analyzed by PCR only. The uniqueness of SCARs is determined 
by the sequence and spacing of their primers, rather than by hybridization (Paran 
and Michelmore 1993). SCARs have been developed for several plant species 
including lettuce (Paran and Michelmore 1993; Kesseli et al. 1994; Witsenboer et 
al. 1995), common bean (Adam-Blandon et al. 1994) and tomato (Williamson et al. 
1994). 
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A PCR technique that is time saving and generates many polymorphic 
bands on a polyacrylamide gel is Amplified Fragment Length Polymorphism 
(AFLP). The technique involves having the DNA restricted with one or two 
restriction enzymes; suitable adapters are ligated, and selectively amplified with 
different primer combinations (Zabeau and Vos 1993). The major advantage of 
AFLP is the capacity of showing many polymorphic bands in one lane. AFLP 
marker analysis is not as easy as RAPDs, but more efficient than RFLP (Becker et 
al. 1995). A comparison of RFLP, RAPD, and AFLP markers in soybean 
germplasm demonstrated that all three assays have different properties. The 
choice of assay to be used should be based on informativeness and ease of 
genotyping (Powell et al. 1996). Whatever assay is used to identify the fragment of 
choice it still will need to be cloned. 
Y AC and BAC Cloning 
Conventional cloning techniques are incapable of cloning large fragments of 
genomic DNA into a vector. When insert sizes needed are at least 100-kb, the 
cloning choices are yeast artificial chromosome (YACs) (Burke et al. 1987) and 
bacterial artificial chromosome (BACs) (Shizuya et al. 1992). Cloning fragments 
greater than 1-Mb is possible with Y ACs. 
Y ACs were developed with the ability to maintain large DNA fragments as 
linear chromosomes in yeast when Y AC vectors function as plasmids in E. coli. 
Y ACs can be used in conjunction with molecular markers such as RFLPs, RAPDs, 
and AFLPs to aid in chromosome walking or landing. Several Y AC libraries have 
been constructed for a large number of plant and animal species. The isolation of 
the cloned DNA from the yeast host is neither simple nor rapid. The YAC cloning 
system disadvantages are the abundance of chimeric clones, unstable clones, and 
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the tendency to delete internal regions from their inserts (Ling et al. 1993; Monaco 
and Larin 1994). 
BACs are constructed by the F-factor derived vector system in E. coli, which 
allows the clones to be in the form of a plasmid in the host. This construction 
allows the BAG DNA to be purified by standard plasmid purification. BAG vectors 
are maintained as single copy supercoiled plasmid wh.ich gives lower levels of 
chimerism, increased stability over high copy vectors, and easier to generate 
libraries. Using media selection identifies positive clones. BACs are simpler to 
manipulate and to isolate insert DNA from than YACs (Shizuya et al. 1992). The 
disadvantage of BACs is the DNA yield from the clones is low due to the F- factor 
replicating only allowing one or two copies per cell (Monaco and Larin 1994). 
New techniques are being developed and are used to continue to gain 
knowledge of the various genomes. Many of the molecular techniques described 
are used separately or in combination to study and dissect the genome of interest. 
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RAPD-DERIVED MARKERS LINKED TO THE Mia RESl:STANCE GENE 
CLUSTER IN BARLEY 
A paper to be submitted to the Journal of Agricultural Genomics 
Karin Sue Gobelman-Werner and Roger Wise 
INTRODUCTION 
As one of the important small grains grown in the world, barley (Hordeum 
vulgare L.) is also one the oldest cultivated crops. Barley is primarily grown in 
northwestern Europe, a few selected areas in North and South America, Australia 
and Asia. When grown in a cool, wet climate, barley can be highly susceptible to 
powdery mildew, which is caused by the obligate fungal pathogen, Erysiphe 
graminis DC. Merat f. sp. hordei Em. Marchal. An effective control measure is to 
acquire resistance to the fungal agent. 
Many genes, designated Ml, have been identified which confer resistance to 
powdery mildew in barley. At least 30 Mia specificities in barley have been 
identified which demonstrate resistance to E. graminis (J0rgensen and Moseman 
1972; J0rgensen and Jensen 1976; Hinze et al. 1991; Gorg et al. 1993; J0rgensen 
1994; Kintzios et al. 1995). RFLP markers have been described that are linked to 
particular resistance specifities, but these markers are not close enough to clone 
the resistance specificity. Additional markers were necessary to saturate the region 
surrounding the Mia resistance-gene cluster efficiently clone the resistance gene. 
In this report, we describe the identification of additional markers linked to 
the Mia locus. These markers help saturate the chromosomal region near Mia and 
produce a more detailed map. These markers were also used to screen large 
insert barley YAC library (Kleine et al. 1993; 1997), from the cultivars Ingrid and 
Franka. 
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Materials and Methods 
Barley Germplasm 
The high resolution mapping population has been described previously 
(Mahadevappa et al. 1994; DeScenzo et al. 1994). The Franger- (C.I. 16151) and 
Rupee- (C.I. 16155) derived isogenic lines (Wise and Ellingboe 1983) contains the 
Mla6 + Mia 14 and the Mia 13 + MI-Ru3 resistance specificities, respectively. A total 
of 286 barley lines were identified to be recombinant between and homozygous at 
the Hor1 and Hor2 loci from 3,600 F1 gametes (1800 F2 seed). 
A 3-cM window that encompasses the Mia gene cluster was defined by the 
recombination breakpoints in our high-resolution barley population (DeScenzo et 
al. 1994). Three subsets of this population were established from the high-
resolution barley population to help focus on the region of interest. The subsets 
were pools for bulked segregant analysis, a recombinant interval mapping 
population, and a focused high-resolution population. Bulked segregant analysis 
was performed on pools of DNA from 14-15 homozygous recombinant lines. 
These pools were homogeneous for either the Mla6 + Mia 14 (pool A) or the Mia 13 
+ MI-Ru3 (pool B) resistance specificities. The recombinant mapping population 
and focused population were used to determine the RAPD marker location in the 
barley genome. The recombinant interval mapping population consists of two 
reciprocal recombination events per mapping interval between Hor1 and Hor2. 
The focused high-resolution population consisted of 89 individuals that contain 
recombination breakpoints in the Xmwg036- Xmwg068 interval. 
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Powdery Mildew Resistance Screening 
The three powdery mildew isolates 5874, A27, and R63 were used to 
inoculate barley accessions to screen for infection type. Three seeds per 
accession were planted in a 20 X 30 cm flat and grown in greenhouse conditions 
until inoculated. Seedlings were inoculated 8-1 O days after emergence when they 
were approximately 3 inches high. The inoculated seedlings were placed in a 
growth chamber (Percivial, Boone, IA) and sustained an 18 hour photoperiod at 18 
°C. Disease development was evaluated at 7 days after inoculation (Wise and 
Ellingboe 1983; Mahadevappa et al. 1994). The infection types 0, 1, or 2 were 
considered resistant reactions while the infection types 3 or 4 were considered 
susceptible reactions (Wise and Ellingboe 1983). 
Plant DNA Isolation 
Barley DNA was extracted from 0.5 g samples of frozen tissue using a 
modified hexadecyl trimethylammonium bromide (CTAB) method for fresh tissue 
(Bush et al. 1994; Wise and Schnable 1994) and quantified using GeneQuant II 
(Pharmacia, Piscataway, NJ). DNA was diluted in sterile double distilled water to a 
final concentration of 50 ng/µI. 
RAPD and STS Analysis 
A total of forty Operon (Operon Technologies Inc., Alameda, CA) and 699 
University of British Columbia (Carlson; Oligonucleotide Synthesis Laboratory, 
University British Columbia, Vancouver, Canada) arbitrary nucleotide sequences 
were used in this analysis. 
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The PCR amplification was performed in a volume of 25 µI with a 1 x reaction 
buffer supplied by the manufacturer [20 mM Tris-HCI (pH 8.4), 50 mM KCI], 1.5 mM 
MgCl2, 0.001% gelatin, 0.1 mM each of dNTP, 50 ng of genomic DNA, 0.625 units 
of Taq DNA polymerase (Gibco BRL Life Technologies, Rockville, MD) and either 5 
µM decamer RAPD- or 20 µM STS-primers. The PCR amplifications were 
performed in a PTC-100 programmable thermocycler (MJ Research Inc., 
Watertown, MA). Amplification programs were as follows: RAPD: one cycle for 1 
minute at 94 °C; 44 cycles for 5 seconds at 94 °c, 30 seconds at 36 °C, 1 minute at 
72 °C; with a final extension of 9 minutes at 72 °c, STS: one cycle for 3 minute at 
94 °C, 29 cycles for 30 seconds at 94 °c, 1 minute at 60 °c, 1 minute at 72 °C; with 
a final extension of 4 minutes at 72 °c. The amplification products were resolved 
by electrophoresis at 80 volts for 4 hours on a 2% thin (3 mm) agarose gel 
containing 1 X TBE buffer (0.089 M Tris, 0.089 M Borate, 0.002 M EDTA) 
(Sambrook et al. 1989). 
Cloning of RAPD Fragment 
A modified method of re-amplify the band of interest was used (Hengen 
1995). A single plug of agarose was removed from the RAPD primer product 
detecting a polymorphism with the small end of a pasteur pipette and placed in 100 
µI sterile double distilled water (ddH2O) to elute at 4 °C overnight. One µI of eluted 
DNA / ddH2O solution was used as template for re-amplification with the original 
10-bp-long oligonucleotide primer. DNA inserts were purified using the modified 
NA45 membrane (Schleicher & Schuell, Keene, NH) extraction, blunt-end ligated 
into the EcoRV site of the pGem-T plasmid (Promega, Madison, WI), and 
transformed into the E. co/iTB-1 host strain. The cloned inserts were either 
released by a double digest of Saeli and Pstl or by direct PCR amplification using 
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T7 (5'-AATACGACTCACTATAG-3') and M13 reverse (5'-
GGAAACAGCTATGACCATG -3') primer pairs. 
Sequence Analysis and STS Design 
Sequencing and oligonucleotide synthesis were performed at the Iowa 
State University DNA Sequencing and Synthesis Facility. The nucleotide 
sequence of the cloned RAPD fragment was determined by a Perkin-Elmer Applied 
system ABI model 377 automated DNA sequencing system. The sequenced-
tagged site (STS) oligonucleotides were synthesized on a Perkin Elmer Applied 
System ABI model394 DNA/RNA synthesizer. Sequence data was entered into the 
program AutoAssembler (Perkin Elmer, Modesto, CA). Sequence data was 
assembled using the "Assemble" command (10-bp pair overlap and 5% error). 
Linkage Analysis 
RAPD marker data was entered into a Map Manager V2.5 (copyright 1988-
1994, K. Manly, Roswell Park Cancer Institute) file containing previous marker data 
for the Hor1-Hor2 high resolution mapping population (DeScenzo et al. 1994). 
MAPMAKER readable files were created using the Export for MAPMAKER option. 
MAPMAKER Macintosh V2.0 (copyright 1993 E.I. DuPont de Nemours and Co., 
Lander et al. 1987) was used in the analysis the segregation data. Markers were 
grouped together using the "Group" command (minimum LOO of 8.0) and ordered 
relative to the resistance locus using the "Try" command. Recombination 
frequencies were converted to genetic distances using Kosambi mapping function. 
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RESULTS 
RAPD Analysis 
New markers tightly linked to the Mia gene cluster must have the following 
criteria. The markers must be discrete and polymorphic between the barley 
accessions of C.I. 16151 (Mla6+ Mlat4) and C.I. 16155 (Mlat3+ MI-Ru3), the 
parents of our high-resolution mapping population. The markers must map within 
0.2 cM of the Mia gene cluster to be useful for map-based gene isolation. Allele-
specific primers developed from these markers should amplify the identical 
fragment from Ingrid (B0schges et al. 1997) and Franka (Kleine et al. 1993; 1997), 
the cultivars used to construct barley YAC libraries, but not the AB1380 yeast host 
strain. To screen the Morex BAC library via high-density filter hybridization (Yu et 
al. 2000), the amplified product should hybridize to a low-copy fragment in the 
barley genome. 
Seven hundred thirty-nine arbitrary RAPD primers were evaluated to identify 
DNA polymorphisms between the C.I. 16151 (Mla6 + Mlat4) and C.I. 16155 (Mlat3 
+ MI-Ru3) and pools. Zero to eighteen DNA fragments were amplified for each 
primer for a total of 4819 discrete amplified products (241 0 from C.I. 16151 and 
2409 from C.I. 16155) (Appendix A). Three primers amplified discrete polymorphic 
DNA fragments that were positioned between Hort and Hor2 on chromosome 5 
(1 H). 
Primer OPA-10 (GTGATCGCAG) produced a 1500-bp, C.I. 16155-specific 
fragment, designated OPA-t01500 , was positioned between Hort and XChs3. 
Primer UBC465 (GGTCAGGGCT) amplified a 950-bp, C.I. 16155-specific fragment, 
designated UBC465950, that mapped between XChs3 and Xmwg068. Primer 
UBC165 (GAAGGCACTG) amplified a 1626-bp, C.I. 16155-specific fragment, 
designated UBCt651626, that mapped within the Xmwg036-Xmwg068 interval. The 
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UBC1651626 -derived fragment was fine mapped using the 89 recombinants in the 
Xmwg036-Xmwg068 interval. Of the 50 recombinants between Xbcd249.1 and 
Mla6, twelve had crossovers between Mla6-UBC1651626, which equaled a distance 
of 0.28 cM proximal to Mla6. 
Cloning of RAPD Fragments 
The 1626-bp UBC1651620derived fragments was cloned and used as 
hybridization probe to test for copy number. Unfortunately, the cloned UBC1651626 
fragment hybridized to a highly repetitive fraction of the barley genome and 
therefore was not be used as a RFLP marker. The 1626-bp of the UBC1651626 -
derived fragment was digested with the restriction endonucleases Pstl, Sacll, Alul, 
Hincll, Hhal Haelll, Hinfl and Sau3A. The digested fragments were size 
fractionated via agarose gel electrophoresis, transferred to nylon, and hybridized 
with total genomic barley to identify the repetitive regions. The UBC1651620derived 
fragment released four non-repetitive fragments with the Hincl I restriction 
endonuclease. These sub-fragments were purified and used as individual 
hybridization probes onto small strip blots of Hindlll digested barley DNA. 
Unfortunately, all of these UBC1651620derived sub-fragments also hybridized to a 
middle-repetitive fraction, and therefore, were too repetitive for further RFLP 
analysis. 
Generation of STS Markers 
Twenty specific PCR primers were developed from the UBC1651626 
sequence (Table 1 ). The placement of the individual primers identified from 
UBC1651626 -derived fragment is detailed in Figure 1. The original UBC165 RAPD 
30 
Table 1. Oligonucleotide primers derived from the UBCJ 651626• sequence 
Primer Sequence ISUDSSF 
abbreviation Seguence 5' to 3' length designationb 
poa GAAGGCACTGAATCGTIGATGG 22 KW0511 
P53 CTTIGTATIGCTTIGCTATCTG 22 KW0508 
P174 TCGGTTIGGCTTTTITCCTAATCC 24 KW0513 
P174RC GGATIAGGAAAAAAGCCAACCGA 24 KW0084 
P203 GTACAAGGGAAACGTGATIA 20 KW1349 
P203RC TAATCACGTTICCCTIGTAC 20 KW0509 
P260RC GGGAATGAGCCGAGCCGAAC 20 KW0507 
P300 ACGAGGCGGGCGGTGGAGGAGGAG 24 KW1816 
P300RC CTCCTCCTCCACCGCCCGCCTCGT 24 KW0510 
P451 CAATGGTGGTGTGGACTCTAGG 22 KW1817 
P544 ACCATATACTAGAGGCAACACAAA 24 KW0900 
P544RC TTIGTGTIGCCTCTAGTATATGGT 24 KW0901 
P671 TGAACAGTGGACTAGGCCTIGAAC 24 KW0902 
P671RC GTICAAGGCCTAGTCCACTGTICA 24 KW0903 
P954 CAGTTIAGGGAAGTATIGCATC 22 KW0097 
P954RC GATGCAATACTICCCTAAACTG 22 KW0512 
Pl034 GTCTICCACATCTAATCACGGG 22 KW1362 
P1034RC CCCGTGATIAGATGTGGAAGAC 22 KW0086 
P1373RC GATIGGCTICGCCGGCTCTIGAG 23 KW1361 
P1585RC TGGAATICACTATACTGGACAC 22 KW1814 
a Primers shown in bold amplify the Fr 1062 fragment. 
b Designation given by the Iowa State University DNA Sequencing and Synthesis 
Facility (DSSF). 
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UBC 165 
IGAAGGCACT~ AATCGTTGAT GGCCACAGGC TCATGTCGAG CCTGTCGTAA 
0 
TACTTTGTAT TGCTTTGCTA TCTGATCTAG TGTTACAAGC ACCACCCCTA 100 
P53 
GGATGCCTTT TATACACATC CACAAGGGGC TATGGAAATA GACTAGGACT 
AGGTATCCTA ATACTACTAG GACTCGGTTT GGCTTTTTTC CTAATCCTAT 200 
P174RC P174 
GTGTACAAGG GAAACGTGAT TAACTCACAT CATATACCAG TCGTGTGTGG 
P203RC P203 
CAAAAATTTA GTTCGGCTCG GCTCATTCCC GCAACCTGCG GCGCGTCGTA 300 
P260RC 
CGAGGCGGGC GGTGGAGGAG GAGGAGCGCG TATGTATGTC TCTCTTATTC 
P300 
TCAAGCTCAT ACATGTGTGG GAAACATCCT CCCTTATAAA GAGGTCCAAC 400 
TCCCACTAAA CTAGCAATAT GGGACTAAAA ATTTCCACCT CTTGCCTTGC 
ACAATGGTGG TGTGGACTCT AGGATTTATT AGGAATTTCT ATGAAATTAT 500 
P451 
ATATTGGGCT GGCCCATAA GTATAGACAA AATTTCAGCA ATCCCCACCA 
P544RC-
TATACTAGAG GCACACAAAA TTTGCCTTTG GTTCCAAAAC ACTATTTTAT 600 
P544 
ATACCGATAC TGTAGTGGAG ACTGTTAAGT TGAACTTCCA CCTGGAACTC 
TATGCTACAC TAGTAAGCAA CTTGAACAGT GGACTAGGCC TTGAACTGCA 700 
P671RC P671 
AGTTTTCTGT GAATCTAGCT TCACACAGAT CCTTGACCGA TACTAGGCTA 
CCGTGGGACT TCCCCGCGGA TGGAGCTTAT GCGTCATACT CCGAGACCTT 800 
TCGTGAGTAT ACTAGAGAGG TCCCTACTCT CATAGATTGC GACGTTTAAC 
AATCTGACTC ATATAGGTAT GTTCTTCAAA AGATGTTCTG CAGGACAACA 900 
TCTCTGCTTC AGTAAGCCAC TTAAAACATA TTAAGATGTA TATCAACCTG 
CCATGCAGTT TAGGGAAGTA TTGCATCTTC ATGGAGTGGT ATTATTAATG 1000 
P954RC P954 
GTAAGGATAC TTTCCTCTCT GTTGACCAAC AACTTGTCTT CCACATCTAA 
P1034RC .. 
TTCACGGGAT CTCCGGTCAC AAAGAATAGG TTACCACAGT GAACAACTCA 1100 
P1034 
AATTGTGGGT CTCATACCCA TCTCCCTCGA TGCATTATCT ATCACATTAC 
GTGATAGACC CTTAGTAAAA GGATCTGCAA GATTTTTAGA TGTTTGGATA 1200 
TAATCCAATG CAATAACTCC GGAGTTTCTC ATTTTCCTGA CAGATTTTAA 
CCTTTTGTGA ATGTGTCTTG ATGACTTCAT GTTATCCTTT GAGCTACTCA 1300 
CTTTCGTGAT CACACTTTGA TTGTCGCGGT TCATAAGGAT ACCCGGTACA 
GGTCTCTCGA CAACCGGCAA GTCACTCAAG AGCCGGCGAA GCCAATCTGC 1400 
P1373RC 
TTCGACCGTA GCTGTATCTA GTGATGTGAG TTCTACTTCC ATTGTTGACC 
TTGTTAAGAT CGTTTGCTTG CAAGACTTCC AAGAAACAGC GCCACCTCCA 1500 
TGAGTGAATA CATATCCGCT CGTGGGCTTT ATCTCATCAA CATCAGAGAT 
CCAGTTTGAA TCACTATACC CTTCAAGCAC CTTTGGGTGT CCAGTATAGT 1600 
P1585RC 
GAATTCCATA ATTTGQAGTG GCCTTCI 
UBC 165 
Fig. 1. UBC1651626 sequence illustrating the position of 20 STS primers. Forward 
Boxes indicate the original location of the UMC165 RAPD primer. The bold 
arrows designate the PO and P1034RC primers, which amplify the Fr1062 
fragment. 
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primer is identified at both the 5' and 3' ends. Various primers were used in 
combination to test for polymorphism between the C.I. 16151 (Mla6 + Mia 14) and 
C.I. 16155 (Mla13+ MI-Ru3) mapping parents. Figure 2 illustrates the different 
sizes of the fragments that were amplified throughout the UBC1651626 sequence. 
The dotted lines indicate that the amplified product was C.I. 16151 specific, 
whereas, the solid lines designate that the product was amplified in both the C. I. 
16151 and C.I. 16155. Primers that originate from opposite sides of the 174-
nucleotide position (in bold) amplify polymorphic products, whereas, primers 
positioned on the same side result in monomorphic amplifications 
The polymorphic primer combinations were used to position the 
UBC1651626-derived STS markers relative to the Mia locus. Out of the 20 STS 
primer combinations tested, 13 primer pairs amplified fragments that cosegregated 
with the Mia using a low-resolution, interval mapping population. The same 
mapping pattern is evident although each STS produced a different size fragment 
as demonstrated in Figure 3 illustrates the interval mapping of the amplified 
products derived from two such STS primer pairs, FR1062 and FR1492. 
The 13 primer pairs that produced cosegregating fragments were tested on 
the eighty-nine recombinant lines in the Xbcd249. 1-Xmwg036 interval. Eight of 
these polymorphic fragments were accurately positioned. As shown in Figure 4, 
the primers that amplified FR1062, FR106, Fr125, Fr226, Fr250, Fr860, Fr1350, and 
FR1492 were all positioned 0.28 cM distal to Mia, in contrast to the original 
proximal position of UBC1651626 RAPD marker. 
• • • • • • • I • • 
I • • • • • • • 
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Fig. 2. Schematic of the products amplified with the UMC1651626-derived STS primers. Primer locations 
are represented by filled circles. Polymorphic products are represented by dotted lines. Monomorphic 
products are represented by solid lines. STS markers are identified by grey arrowheads. Primers that 
originate from opposite sides of the 17 4-nucleotide position amplify polymorphic products. Primers 
positioned on the same side result in monomorphic amplifications. 
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Fig. 3. Interval mapping of UMC1651626, Fr1452, and Fr1062. Pools A and Beach contain 
genomic DNAs from 14 recombinant lines from our high-resolution mapping population. 
C.I. 16151 and Pool A contain the Mla6 and Mla14 resistance specificities, whereas, C.I. 
16155 and Pool B contain the Mla13 and MI-Ru3 resistance specificities. 
A. The UMC165 RAPD primer amplified a 162€H)p product, designated UMC1651626. 
The arrow indicates the presence of the fragment in C.I. 16151 and all M/a6-containing 
recombinant lines. 
B. The STS primers P174 + P1626 amplified a 1452-bp product, designated Fr1452. 
Products are present in C.I. 16151 and all M/a6-containing recombinant lines. 
C. The STS primers PO + P1034-RC amplified a 1062-bp product, designated Fr1062. 
Products are present in C.I. 16151 and all M/a6-containing recombinant lines. 
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Hor2 
1.0 
Xmwg645.1 
1.1 
Xmwg060 
1.1 
0.39 Xmwg036 
0.51 Fr226 
0.21 Fr106 
0.21 Fr1492 
0.28 Fr1062 
0.28 
Mla6, Mla14, Mla13, MI-Ru3 
UBC1651626 
1.32 
0.3 Xbcd249.1 
0.3 Xbcd249.2 
0.2 Xmwg068 
XChs3 (UBC495950) 
1.0 (OPA101soo) 
Hor1 
Fig. 4. Integration of the STS and RAPD markers into the high-
resolution genetic map of the Hor1 - Hor2 region of barley chromosome 
5 (1 H). Mia specificities are in bold. The "UBC" prefixes designate 
RAPD primers from University of British Columbia and "OPA" prefixes 
designate RAPD primers from OperonTechnologies in bold grey. An 
"Fr' prefix designates new STS markers derived from the UMC1651626 
sequence (shown in light gray). An X prefix designates an RFLP 
marker; mwg markers are from Munich-Weihenstephan-Grunbach, 
bed markers are from Cornell University, and ciw markers are from 
the Carnegie Institute of Washington. 
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The amplification product produced by the FR1062 primer pair PO+ 
P1034RC consistently yielded the most stable map position. Therefore, PO+ 
P1034RC were tested on various accessions to see if the FR1062 fragment could 
be amplified from Ingrid, Franka, and Morex, the cultivars used in the YAC and BAC 
library construction. The Ingrid and Franka cultivars, which are used in the 
construction of the Maltagen (YAC) library (Kleine et al. 1993; 1997), had the 
identical 1062-bp fragment as C.I. 16151. Unfortunately, the Morex cultivar, which 
was used to develop BAC library [Clemson University Genomic Institute (CUGI)], 
was not amplified. This information was used towards the molecular identification 
of the Mia cluster (Wei et al. 1999). 
Inoculation with E. graminis f. sp. hordei 
To investigation whether or not there was a correlation b~tween infection 
type and the new STS markers, twenty-six different barley accessions were 
inoculated individually by three E. graminis isolates 5874, A27 and R63. The DNA 
from these accessions was used as PCR templates for four STS primer pairs. A 
comparison between the infection type and the PCR fragments amplified is 
illustrated in Table 2. All the STS primers amplify the same size fragment in all the 
accessions. The absence or slight amplification of a fragment seems to correlate 
with the infection type (IT) of susceptibility. A strong amplification of the FR1062 
fragment relates to the possibility of the presence of the Mla6 resistance specificity. 
Preliminary testing of the STSs and powdery mildew isolates gives a tentative 
correlation between infection type (IT) and STS fragments. The absence or slight 
presence of a fragment seems to correlate the inadequacy of the barley accessions 
to have resistance to the 587 4 isolate, which identifies the Mla6 resistance 
Table 2. Correlation between product produced from STSs and the infection type induced from three different 
powdery mildew isolates. 
C.I. number 
Accession Ml specificity FR106 
2 
2330 Manchuria -
16137 Algerian (R) Mla1 +++ 
16138 Algerian (S) mla1 + 
16151 Franger (R) M/a6, Mla14 +++ 
16155 Rupee (R) Mla13, MI-Ru3, -
16149 Durani (R) Mla10 (Ris0) +++ 
16150 Durani (S) mla10 -
16153 Long Glumes (R) Mla15, M/al ++ 
Pallas MlaB +++ 
P03 Mla6, Mla14 +++ 
P11 Mla13, M/-Ru3 + 
16143 Kwan Mlk + 
15229 Steptoe -
15773 Morex -
Harrington ++ 
Tr306 + 
P.I. 574293 Franka Mla6 +++ 
P.I. 406263 lgri MlaB + 
10063 Golden Promise MlaB -
14846 Sultan -
Mc22 +++ 
YAC library Ingrid + 
substrate 
+ denotes the presence of the band in C.I. 16151 parent 
denotes the absence of the band in C.I. 16155 parent 
ND denotes information was not determinate 
STS primer pairs Powdery mildew isolate 
FR1626 FR106 FR225 5874 R63 R189 
- - - 4 4 4 
++ + +++ 1n 0 0-1 
- + - 4 4 4 
+ + + 0 2-3n 2-3n 
- - - 4 3 1 
- + + 4 ND 3-4 
- - - 4 ND 4 
+ - +++ 4 4 1n 
++ + - 4 4 3-4n 
+ - + 0 1-2n 1-2n 
++ - - 4 2-3n 1 
- - - 4 1-2n 2-3n 
- - + 4 3n 3-4 
- + - 4 4 3-4 
+++ + + 4 1 0-1 
+++ + + 4 4 3-4 
+ + ++ 0 1 1-2n 
- - - 4 2 3n 
+ - ++ 4 2-3 3-4 
- - - 1 ND 0 
+ + + 2 ND 2-3 
ND + +++ 4 ND ND 
vJ 
--.J 
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specificity. R63 and A27 isolates do not identify this particular resistance 
specificity. There is no conclusive data to identify the different resistance 
specificities based on STSs. The pattern identified could be just a random 
occurrence. More studies are required to test this correlation. 
DISCUSSION 
The goal of this study was to identify additional markers in the Mia powdery-
mildew resistance gene cluster using RAPD primers and bulked segregant 
analysis. Random amplified polymorphic DNA (RAPD) primers (Williams et al. 
1990) used in conjunction with bulked segregant analysis (BSA) (Giovannoni et al. 
1991) was used to saturate the chromosomal region of interest with new markers. 
RAPDs are arbitrary single ten base pair oligonucleotides, which detect 
polymorphic DNA fragments by polymerase chain reaction (PCR). These assays 
are fast, easy, requires small amount of DNA and do not require the use of 
radioactive isotopes. RAPDs have been used develop highly defined genetic 
maps and new molecular markers linked to the Mi nematode resistance gene of 
tomato (Klein-Lankhorst et al. 1991; Williamson et al. 1994), the Lr9 leaf rust 
resistance gene of wheat (Schachermayr et al. 1994), and the Pg3 oat stem rust 
gene (Penner et al. 1993). Bulked segregant analysis is a rapid and efficient 
method tor the isolation of molecular markers linked to a defined genomic interval 
(Giovannoni et al. 1991; Michel more et al. 1991 ). Bulked segregant analysis 
consists of pooling of homozygous individuals or individuals homogeneous at a 
single genetic point for the region of interest. 
Of three RAPD primers that identified polymorphic fragments in the barley 
genome, only one, UBC1651626, was 0.28 cM proximal to the resistance genes. The 
other two, OPA-101500 and UBC465950, identified fragments mapping a greater 
genetic distance away from the Mia gene cluster. The UBC1651626 RAPD fragment 
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is a dominant marker and contains highly repetitive DNA sequence. Only non-
repetitive markers are useful in RFLP analysis, therefore, UBC1651626 RAPD 
fragment was subsequently sequenced and individual primer pairs were 
established as STS markers. 
Specific primers were designed across theUBC1651620derived fragment. 
The eight STS markers were discrete and polymorphic between the barley lines of 
C.I. 16151 and C.I. 16155. These eight markers were also positioned 0.28 cM 
distal to Mia gene cluster. FR1062, the most stable map position of the STS 
markers, PCR primers amplified the same fragment from Franka and Ingrid, the 
cultivars used in the construction of the Maltagen Y AC library (Kleine et al. 1993; 
1997). 
The co-relationship between the STS fragments and the resistance 
specificities identified may be useful in identifying the presence of resistance 
specificities without screening the particular barley line. This would allow for a 
quick survey of the particular accession in question. Further testing is necessary to 
obtain an understanding of the relationship between an amplification of a fragment 
and the resistance specificities. Once the resistance specificities are cloned and 
STS primers are developed, the insertion of resistance specificities into the barley 
accessions will further the breeding practices. 
CONCLUSION 
RAPD analysis is a quick, efficient and non-radioactive method to identify 
new markers. Bulked segregant analysis used in conjunction with RAPD primers 
can be used to fill in gaps. We have used these techniques to identify additional 
closely linked markers to the Mia resistance gene cluster. The UBC1651626 RAPD 
fragment was ineffective as a hybridization probe, but the STS primer pairs that 
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were developed were effective for PCR amplification, genetic mapping and YAC 
library screening. The integration of these additional eleven markers into the high 
resolution mapping population will assist in the future cloning of the powdery 
mildew resistance genes. 
Further research in our laboratory has added additional markers inside 
FR1062 using AFLP (Wei et al. 1999). Eleven YACs have been identified from the 
primers of FR1062, FW108 (AFLP) and 86 (an R-gene analog) from two 
independent YAC library screenings. The STS primers of FR1062 identified five of 
these Y ACs. Y ACs ends were used as probes mapping the position of the Y ACs 
and identifying various BACs. The identification of the BAC ends and their position 
on the high-resolution barley map is presently continuing to obtain a contig that 
spans the Mia resistance gene cluster (Wei et al. 1999). Because of the addition of 
new AFLP, YAC, and BAC markers, the barley map of chromosome 5 is 
continuously evolving. 
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APPENDIX A: RAPD PRIMER DATA 
This appendix contains all of the data obtained using RAPD primers in a 
table format. The table includes the name of the primer, the quantity of fragments 
generated in the pools, and the marker designation. 
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Pools' Number of Bands Number of Bands High Resolution Mapping 
Amplified (Final) Population' 
(Initial) 
RAPD or 
RAPD AFLP Pools Pool A' Pool B' PM' Pool A' Pool B' PM RIMP COSEG Size Marker 
Primer" bp Designation' 
OPA1 RAPD 4 4 
OPA2 RAPD 9 9 
OPA3 RAPD 12 12 
OPA4 RAPD 3 3 + 2 3 + 
OPA5 RAPD 4 3 + 4 4 
OPA6 RAPD 0 0 
OPA7 RAPD 4 4 
OPA8 RAPD 5 5 
OPA9 RAPD 1 1 
OPA10 RAPD 5 4 + 6 5 + + 1500 OPA101500 
OPA11 RAPD 6 6 
OPA12 RAPD 0 0 
OPA13 RAPD 7 8 + 5 5 
OPA14 RAPD 5 5 
OPA15 RAPD 1 1 
OPA16 RAPD 5 5 
OPA17 RAPD 0 0 
OPA18 RAPD 3 4 + 1 2 + 
OPA19 RAPD 8 6 + 5 6 + 
OPA20 RAPD 0 0 
OPB1 RAPD 0 4 + 4 4 
OPB2 RAPD 0 0 
OPB3 RAPD 0 0 
OPB4 RAPD 2 3 + 
OPB5 RAPD 5 5 
OPB6 RAPD 1 1 
OPB7 RAPD 7 6 + 4 3 + 
OPB8 RAPD 0 2 + 2 2 
OPB9 RAPD 0 0 
OPB10 RAPD 6 5 + 4 3 + 
OPB11 RAPD 1 2 + 
OPB12 RAPD 6 6 
OPB13 RAPD 0 0 
OPB14 RAPD 0 0 
OPB15 RAPD 6 6 6 6 
OPB16 RAPD 5 5 
OPB17 RAPD 2 2 
OPB18 RAPD 0 0 
OPB19 RAPD 0 0 
OPB20 RAPD 0 0 
UBC101 RAPD 0 1 
UBC102 RAPD 2 2 
UBC103 RAPD 3 3 
UBC104 RAPD 6 7 + 5 5 
UBC105 RAPD 0 4 + 3 3 
UBC106 RAPD 5 5 0 0 
UBC107 RAPD 0 0 
UBC108 RAPD 9 8 + 2 4 + 
UBC109 RAPD 3 3 
UBC110 RAPD 0 0 
UBC111 RAPD 1 1 
UBC112 RAPD 1 1 
UBC113 RAPD 0 0 
UBC114 RAPD 1 1 
UBC115 RAPD 1 1 
UBC116 RAPD 0 0 
UBC117 RAPD 0 0 
UBC118 RAPD 0 0 
UBC119 RAPD 2 2 
UBC120 RAPD 0 0 
UBC121 RAPD 0 0 
UBC122 RAPD 5 6 + 12 12 
UBC123 RAPD 0 0 
UBC124 RAPD 0 0 
UBC125 RAPD 9 8 + 7 7 
UBC126 RAPD 3 3 
UBC127 RAPD 4 4 
UBC128 RAPD 0 0 
UBC129 RAPD 2 2 
UBC130 RAPD 0 0 
UBC131 RAPD 3 4 + 0 4 + 
UBC132 RAPD 3 2 + 4 4 
UBC133 RAPD 4 4 
UBC134 RAPD 6 5 + 6 6 
UBC135 RAPD 5 5 
UBC136 RAPD 0 0 
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Poolsb Number of Bands Number of Bands High Resolution Mapping 
Amplified (Final) Population' 
(Initial) 
RAPD or 
RAPD AFLP Pools Pool A' Pool B• PM' Pool A' Pools• PM RIMP COSEG Size Marker 
Primer" bo Desianation' 
UBC137 RAPD 0 0 
UBC138 RAPD 2 3 + 2 2 
UBC139 RAPD 0 0 
UBC140 RAPD 0 0 
UBC141 RAPD 0 1 + 0 1 + 
UBC142 RAPD 0 0 
UBC143 RAPD 1 0 + 1 1 
UBC144 RAPD 1 1 
UBC145 RAPD 5 5 6 6 
UBC146 RAPD 3 3 4 4 
UBC147 RAPD 7 8 + 12 10 + 
UBC148 RAPD 2 2 
UBC149 RAPD 6 6 
UBC150 RAPD 2 2 + 5 4 + 
UBC151 RAPD 2 3 + 2 2 
UBC152 RAPD 8 8 
UBC153 RAPD 6 10 + 4 5 + 
UBC154 RAPD 2 2 
UBC155 RAPD 11 11 
UBC156 RAPD 5 5 
UBC157 RAPD 7 7 
UBC158 RAPD 0 0 
UBC159 RAPD 8 7 + 10 11 + 
UBC160 RAPD 5 5 
UBC161 RAPD 0 0 
UBC162 RAPD 1 1 
UBC163 RAPD 1 0 + 0 0 
UBC164 RAPD 5 6 + 1 1 
UBC165 RAPD 8 0 + 11 10 + + + 1626 UBC165,626 
UBC166 RAPD 0 0 
UBC167 RAPD 3 3 
UBC168 RAPD 4 6 + 5 5 
UBC169 RAPD 1 2 + 0 10 + 
UBC170 RAPD 3 0 + 
UBC171 RAPD 6 6 
UBC172 RAPD 0 2 + 2 2 
UBC173 RAPD EMPTY" 
UBC174 RAPD 7 7 
UBC175 RAPD 5 5 + 
UBC176 RAPD 6 5 + 4 1 + 
UBC177 RAPD 3 3 
UBC178 RAPD 8 8 
UBC179 RAPD 0 0 
UBC180 RAPD 13 12 + 7 8 + 
UBC181 RAPD 12 12 
UBC182 RAPD 1 1 
UBC183 RAPD 3 4 + 4 4 
UBC184 RAPD 4 4 
UBC185 RAPD 7 7 
UBC186 RAPD 6 6 
UBC187 RAPD EMPTY 
UBC188 RAPD 9 9 
UBC189 RAPD 4 6 + 4 4 
UBC190 RAPD 5 4 + 5 5 
UBC191 RAPD 3 3 
UBC192 RAPD 8 8 
UBC193 RAPD 2 1 + 1 1 
UBC194 RAPD 7 7 
UBC195 RAPD 7 7 
UBC196 RAPD 8 8 
UBC197 RAPD 2 2 + 2 1 + 
UBC198 RAPD 5 5 
UBC199 RAPD 7 8 + 7 9 + 
UBC200 RAPD 0 0 
UBC201 RAPD 0 0 
UBC202 RAPD 8 8 
UBC203 RAPD 4 6 + 7 5 + 
UBC204 RAPD 6 6 
UBC205 RAPD 2 4 + 2 4 + 
UBC206 RAPD 5 5 
UBC207 RAPD 0 0 
UBC208 RAPD 9 9 
UBC209 RAPD 2 2 
UBC210 RAPD 5 5 
UBC211 RAPD 12 8 + 6 6 
UBC212 RAPD 5 6 + 3 3 
UBC213 RAPD 6 6 
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Pools' Number of Bands Number of Bands High Resolution Mapping 
Amplified {Final) Population' 
(Initial) 
RAPDor 
RAPD AFLP Pools Pool A' Pool B• PM' Pool A' Pool B• PM RIMP COSEG Size Marker 
Primer" Desianation' 
UBC214 RAPD 1 0 + 2 2 
UBC215 RAPD 6 6 
UBC216 RAPD 0 0 
UBC217 RAPD 0 0 
UBC218 RAPD 7 8 + 7 7 
UBC219 RAPD 7 7 
UBC220 RAPD 2 2 
UBC221 RAPD 3 4 + 5 5 
UBC222 RAPD 6 6 
UBC223 RAPD 9 9 
UBC224 RAPD 0 0 
UBC225 RAPD 7 7 
UBC226 RAPD 5 5 
UBC227 RAPD 4 0 + 6 6 
UBC228 RAPD 8 8 
UBC229 RAPD 0 3 + 4 3 + 
UBC230 RAPD 11 11 4 4 
UBC231 RAPD 13 10 + 8 7 + 
UBC232 RAPD 10 10 
UBC233 RAPD 0 0 
UBC234 RAPD 7 3 + 7 7 
UBC235 RAPD 3 3 
UBC236 RAPD 7 5 + 7 8 + 
UBC237 RAPD 9 9 
UBC238 RAPD 8 0 + 6 6 
UBC239 RAPD 6 5 + 4 6 + 
UBC240 RAPD 0 2 + 3 3 
UBC241 RAPD 7 7 
UBC242 RAPD 0 6 + 6 6 
UBC243 RAPD 6 12 + 7 7 
UBC244 RAPD 5 13 + 7 9 + 
UBC245 RAPD 12 12 
UBC246 RAPD 2 2 
UBC247 RAPD 3 3 
UBC248 RAPD 11 11 
UBC249 RAPD 0 7 + 4 5 + 
UBC250 RAPD 9 0 + 10 10 
UBC251 RAPD 5 5 
UBC252 RAPD 1 5 + 3 3 
UBC253 RAPD 8 8 
UBC254 RAPD 6 6 
UBC255 RAPD 0 0 
UBC256 RAPD 6 6 
UBC257 RAPD 2 2 
UBC258 RAPD 0 5 + 5 5 
UBC259 RAPD 2 5 + 5 6 + 
UBC260 RAPD 0 0 
UBC261 RAPD 8 8 
UBC262 RAPD 7 7 
UBC263 RAPD 0 0 
UBC264 RAPD 4 4 
UBC265 RAPD 6 6 
UBC266 RAPD 10 10 
UBC267 RAPD 1 1 
UBC268 RAPD 7 7 
UBC269 RAPD 0 7 + 7 7 
UBC270 RAPD 9 9 
UBC271 RAPD 2 2 
UBC272 RAPD 11 11 
UBC273 RAPD 7 7 
UBC274 RAPD 5 5 
UBC275 RAPD 4 4 
UBC276 RAPD 7 7 
UBC277 RAPD 5 5 
UBC278 RAPD 4 4 
UBC279 RAPD 0 0 
UBC280 RAPD 10 10 
UBC281 RAPD 4 4 
UBC282 RAPD 2 2 
UBC283 RAPD 7 6 + 7 9 + 
UBC284 RAPD 14 14 
UBC285 RAPD 14 14 
UBC286 RAPD 0 0 
UBC287 RAPD 6 5 + 8 8 
UBC288 RAPD 1 2 + 2 2 
UBC289 RAPD 0 11 + 11 13 + 
UBC290 RAPD 10 10 
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RAPDor 
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Primer' bo Desionation• 
UBC291 RAPD 2 2 
UBC292 RAPD 11 11 
UBC293 RAPD 1 1 
UBC294 RAPD 0 0 
UBC295 RAPD 12 12 
UBC296 RAPD 12 16 + 13 13 
UBC297 RAPD 4 6 + 5 4 + 
UBC298 RAPD 4 5 + 3 4 + 
UBC299 RAPD 5 8 + 5 5 
UBC300 RAPD 8 9 + 11 11 
UBC301 RAPD 3 3 
UBC302 RAPD 3 0 + 5 8 + 
UBC303 RAPD 3 3 
UBC304 RAPD 0 0 
UBC305 RAPD 0 0 
UBC306 RAPD 1 0 + 1 0 + 
UBC307 RAPD 0 0 
UBC308 RAPD 8 8 
UBC309 RAPD 1 1 
UBC310 RAPD 1 2 + 1 3 + 
UBC311 RAPD 0 0 
UBC312 RAPD 10 10 
UBC313 RAPD 3 4 + 3 3 
UBC314 RAPD 0 0 
UBC315 RAPD 4 5 + 4 5 + 
UBC316 RAPD 2 0 + 2 0 + 
UBC317 RAPD 0 0 
UBC318 RAPD 3 3 
UBC319 RAPD 0 0 
UBC320 RAPD 2 0 + 1 4 + 
UBC321 RAPD 0 0 
UBC322 RAPD 6 6 
UBC323 RAPD 3 2 + 3 3 
UBC324 RAPD 6 1 + 6 3 + 
UBC325 RAPD 0 0 
UBC326 RAPD 0 0 
UBC327 RAPD 3 3 
UBC328 RAPD 0 0 
UBC329 RAPD 8 11 + 11 16 + 
UBC330 RAPD 0 0 
UBC331 RAPD 2 0 + 2 1 + 
UBC332 RAPD 0 0 
UBC333 RAPD 1 1 
UBC334 RAPD 0 0 
UBC335 RAPD 6 6 
UBC336 RAPD 7 7 
UBC337 RAPD 2 2 
UBC338 RAPD 6 6 
UBC339 RAPD 0 0 
UBC340 RAPD 11 11 
UBC341 RAPD 1 1 
UBC342 RAPD 4 4 
UBC343 RAPD 0 0 
UBC344 RAPD 0 0 
UBC345 RAPD 8 8 
UBC346 RAPD 3 3 
UBC347 RAPD 0 0 
UBC348 RAPD 6 0 + 
UBC349 RAPD 0 0 
UBC350 RAPD 6 2 + 6 6 
UBC351 RAPD 3 0 + 4 4 
UBC352 RAPD 0 0 
UBC353 RAPD 10 1 + 10 10 
UBC354 RAPD 10 0 + 10 10 
UBC355 RAPD 0 2 + 
UBC356 RAPD 10 0 + 12 12 
UBC357 RAPD 6 12 + 7 8 + 
UBC358 RAPD 6 8 + 6 5 + 
UBC359 RAPD 9 4 + 7 6 + 
UBC360 RAPD 0 6 + 
UBC361 RAPD 10 9 + 6 6 
UBC362 RAPD 6 0 + 
UBC363 RAPD 0 0 
UBC364 RAPD 4 0 + 4 4 
UBC365 RAPD 1 0 + 1 1 
UBC366 RAPD 0 0 
UBC367 RAPD 0 0 
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Pools• Number of Bands Number of Bands High Resolution Mapping 
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RAPD or 
RAPD AFLP Pools Pool A' Pool B' PM' Pool A' Pool B' PM RIMP COSEG Size Marker 
Primer" bo Desianation9 
UBC368 RAPD 0 0 
UBC369 RAPD 0 0 
UBC370 RAPD 8 7 + 4 4 
UBC371 RAPD 0 0 
UBC372 RAPD 8 0 + 4 7 + 
UBC373 RAPD 9 8 + 
UBC374 RAPD 10 16 + 9 8 + 
UBC375 RAPD 8 0 + 9 9 
UBC376 RAPD 9 9 
UBC377 RAPD 0 0 
UBC378 RAPD 0 2 + 2 2 
UBC379 RAPD 9 9 
UBC380 RAPD 2 2 
UBC381 RAPD 0 4 + 4 3 + 
UBC382 RAPD 2 4 + 4 5 + 
UBC383 RAPD 6 7 + 7 7 
UBC384 RAPD 0 0 
UBC385 RAPD 3 0 + 6 8 + 
UBC386 RAPD 4 0 + 
UBC387 RAPD 7 3 + 4 4 
UBC388 RAPD 6 6 
UBC389 RAPD 11 0 + 13 13 
UBC390 RAPD 0 0 
UBC391 RAPD 8 8 
UBC392 RAPD 1 0 + 1 1 
UBC393 RAPD 2 2 
UBC394 RAPD 0 0 
UBC395 RAPD 2 0 + 2 2 
UBC396 RAPD 6 7 + 12 12 
UBC397 RAPD 0 0 
UBC398 RAPD 0 0 
UBC399 RAPD 5 4 + 4 2 + 
UBC400 RAPD 0 0 
UBC401 RAPD 0 0 
UBC402 RAPD 0 0 
UBC403 RAPD 4 3 + 3 3 
UBC404 RAPD 0 0 
UBC405 RAPD 0 0 
UBC406 RAPD 0 0 
UBC407 RAPD 3 3 
UBC408 RAPD 0 0 
UBC409 RAPD 10 11 + 7 7 
UBC410 RAPD 0 0 
UBC411 RAPD 5 6 + 4 8 + 
UBC412 RAPD 4 2 + 4 5 + 
UBC413 RAPD 9 8 + 12 12 
UBC414 RAPD 8 1 + 7 7 
UBC415 RAPD 0 0 
UBC416 RAPD 0 0 
UBC417 RAPD 0 0 
UBC418 RAPD 13 10 + 9 9 
UBC419 RAPD 0 0 
UBC420 RAPD 7 0 + 7 8 + 
UBC421 RAPD 0 0 
UBC422 RAPD 0 0 
UBC423 RAPD 6 5 + 8 6 + 
UBC424 RAPD 9 9 
UBC425 RAPD 8 5 + 5 6 + 
UBC426 RAPD 0 0 
UBC427 RAPD 0 0 
UBC428 RAPD 0 0 
UBC429 RAPD 0 0 
UBC430 RAPD 0 0 
UBC431 RAPD 10 10 
UBC432 RAPD 11 8 + 8 8 
UBC433 RAPD 0 0 
UBC434 RAPD 0 0 
UBC435 RAPD 0 0 
UBC436 RAPD 2 2 
UBC437 RAPD 1 0 + 1 1 
UBC438 RAPD 2 2 
UBC439 RAPD 0 0 
UBC440 RAPD 0 0 
UBC441 RAPD 0 0 
UBC442 RAPD 0 0 
UBC443 RAPD 0 0 
UBC444 RAPD 5 5 
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UBC445 RAPD 3 7 + 5 4 + 
UBC446 RAPD 2 2 
UBC447 RAPD 0 0 
UBC448 RAPD 6 6 
UBC449 RAPD 5 0 + 5 4 + 
UBC450 RAPD 6 6 
UBC451 RAPD 0 0 
UBC452 RAPD 0 0 
UBC453 RAPD 0 0 
UBC454 RAPD 0 0 
UBC455 RAPD 6 6 
UBC456 RAPD 7 7 7 7 
UBC457 RAPD 2 0 + 4 4 
UBC458 RAPD 0 0 
UBC459 RAPD 9 7 + 10 10 
UBC460 RAPD 0 0 
UBC461 RAPD 0 0 
UBC462 RAPD 0 1 + 6 7 + 
UBC463 RAPD 0 0 
UBC464 RAPD 2 2 
UBC465 RAPD 10 7 + 9 7 + + + 950 UBC4659sc 
UBC466 RAPD 0 0 
UBC467 RAPD 11 9 + 11 10 + 
UBC468 RAPD 8 10 + 14 14 
UBC469 RAPD 0 0 
UBC470 RAPD 5 4 + 4 4 
UBC471 RAPD 4 3 + 8 8 
UBC472 RAPD 6 5 + 6 6 
UBC473 RAPD 0 0 
UBC474 RAPD 8 7 + 10 10 
UBC475 RAPD 1 0 + 1 1 
UBC476 RAPD 3 3 
UBC477 RAPD 4 4 
UBC478 RAPD 0 0 
UBC479 RAPD 0 0 
UBC480 RAPD 3 2 + 3 3 
UBC481 RAPD 0 0 2 2 
UBC482 RAPD 0 0 
UBC483 RAPD 0 0 
UBC484 RAPD 0 0 
UBC485 RAPD 4 5 + 2 7 + 
UBC486 RAPD 0 0 
UBC487 RAPD 5 6 + 10 14 + 
UBC488 RAPD 0 0 
UBC489 RAPD 10 10 
UBC490 RAPD 0 0 
UBC491 RAPD 0 0 
UBC492 RAPD 0 0 
UBC493 RAPD 0 0 
UBC494 RAPD 0 0 
UBC495 RAPD 0 0 
UBC496 RAPD 0 0 
UBC497 RAPD 3 3 
UBC498 RAPD 1 1 
UBC499 RAPD 8 8 
UBC500 RAPD 0 0 
UBC501 RAPD 0 0 
UBC502 RAPD 0 0 
UBC503 RAPD 0 0 
UBC504 RAPD 0 0 
UBC505 RAPD 0 0 
UBC506 RAPD 0 0 
UBC507 RAPD 0 0 
UBC508 RAPD 5 6 + 6 7 + 
UBC509 RAPD 0 0 
UBC510 RAPD 0 0 
UBC511 RAPD 6 6 
UBC512 RAPD 9 9 
UBC513 RAPD 0 6 + 6 6 
UBC514 RAPD 1 3 + 0 1 + 
UBC515 RAPD 0 0 
UBC516 RAPD 8 8 
UBC517 RAPD 6 8 + 7 7 
UBC518 RAPD 2 3 + 3 3 
UBC519 RAPD 0 0 
UBC520 RAPD 0 0 
UBC521 RAPD 10 0 + 10 10 
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UBC522 RAPD 0 0 
UBC523 RAPD 3 9 + 9 9 
UBC524 RAPD 0 0 
UBC525 RAPD 0 0 
UBC526 RAPD 5 5 
UBC527 RAPD 0 0 
UBC528 RAPD 6 6 + 6 6 + 
UBC529 RAPD 0 0 
UBC530 RAPD 0 0 
UBC531 RAPD 0 0 
UBC532 RAPD 3 3 + 3 3 + 
UBC533 RAPD 0 0 
UBC534 RAPD 2 3 + 2 4 + 
UBC535 RAPD 0 0 
UBC536 RAPD 0 0 
UBC537 RAPD 4 7 + 12 12 
UBC538 AFLP 8 8 
UBC539 AFLP 0 0 
UBC540 AFLP 18 18 
UBC541 AFLP 0 0 
UBC542 AFLP 0 0 
UBC543 AFLP 7 7 
UBC544 AFLP 1 3 + 9 9 
UBC545 AFLP 0 0 
UBC546 AFLP 0 0 
UBC547 AFLP 0 0 
UBC548 AFLP 14 14 
UBC549 AFLP 0 0 
UBCSS0 AFLP 7 6 + 9 7 + 
UBC551 AFLP 0 0 
UBC552 AFLP 6 6 + 3 4 + 
UBC553 AFLP 1 1 
UBC554 AFLP 0 0 
UBC555 AFLP 9 12 + 12 12 
UBC556 AFLP 8 7 + 9 9 
UBC557 AFLP 6 6 
UBC558 AFLP 0 0 
UBC559 AFLP 9 9 
UBC560 AFLP 0 0 
UBC561 AFLP 0 0 
UBC562 AFLP 4 7 + 7 7 
UBC563 AFLP 0 0 
UBC564 AFLP 10 12 + 8 10 + 
UBC565 AFLP 0 0 
UBC566 AFLP 5 5 
UBC567 AFLP 0 0 
UBC568 AFLP 0 0 
UBC569 AFLP 6 6 
UBC570 AFLP 4 5 + 4 5 + 
UBC571 AFLP 5 5 
UBC572 AFLP 0 0 
UBC573 AFLP 0 0 
UBC574 AFLP 14 14 
UBC575 AFLP 10 12 + 10 10 
UBC576 AFLP 0 0 
UBC577 AFLP 0 0 
UBC578 AFLP 5 5 
UBC579 AFLP 6 3 + 5 8 + 
UBCSB0 AFLP 7 7 
UBC581 AFLP 0 0 
UBC582 AFLP 0 0 
UBC583 AFLP 0 0 
UBC584 AFLP 14 14 
UBCSBS AFLP 8 6 + 5 5 
UBC586 AFLP 8 7 + 8 9 + 
UBC587 AFLP 0 0 
UBC588 AFLP 10 9 + 13 13 
UBC589 AFLP 10 9 + 10 11 + 
UBC590 AFLP 2 2 
UBC591 AFLP 0 0 
UBC592 AFLP 1 10 + 
UBC593 AFLP 2 1 + 7 7 
UBC594 AFLP 8 6 + 8 8 
UBC595 AFLP 5 7 + 4 6 + 
UBC596 AFLP 3 1 + 0 3 + 
UBC597 AFLP 0 0 
UBC598 AFLP 6 6 
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UBC599 AFLP 0 0 
UBC600 AFLP 0 0 
UBC601 AFLP 5 6 + 6 6 
UBC602 AFLP 4 4 
UBC603 AFLP 0 0 
UBC604 AFLP 6 5 + 5 5 
UBC605 AFLP 0 0 
UBC606 AFLP 12 12 
UBC607 AFLP 8 7 + 5 7 + 
UBC608 AFLP 7 7 
UBC609 AFLP 11 11 
UBC610 AFLP 7 7 
UBC611 AFLP 3 3 
UBC612 AFLP 4 4 
UBC613 AFLP 8 7 + 11 11 
UBC614 AFLP 4 4 + 
UBC615 AFLP 11 12 + 15 15 
UBC616 AFLP 7 0 + 7 7 
UBC617 AFLP 1 6 + 6 6 
UBC618 AFLP 1 2 + 3 3 
UBC619 AFLP 0 0 
UBC620 AFLP 5 5 
UBC621 AFLP 0 0 
UBC622 AFLP 5 3 + 5 5 
UBC623 AFLP 13 9 + 14 14 
UBC624 AFLP 0 5 + 10 9 + 
UBC625 AFLP 7 7 
UBC626 AFLP 4 4 
UBC627 AFLP 0 0 
UBC628 AFLP 0 0 
UBC629 AFLP 0 0 
UBC630 AFLP 0 0 
UBC631 AFLP 3 3 
UBC632 AFLP 0 6 + 15 15 
UBC633 AFLP 0 1 + 5 5 
UBC634 AFLP 10 10 + 
UBC635 AFLP 7 11 + 16 15 + 
UBC636 AFLP 5 9 + 6 6 
UBC637 AFLP 2 4 + 6 6 
UBC638 AFLP 0 10 + 14 14 
UBC639 AFLP 11 11 + 
UBC640 AFLP 8 8 + 
UBC641 AFLP 14 14 + 
UBC642 AFLP 10 10 + 
UBC643 AFLP 9 9 + 
UBC644 AFLP 0 0 
UBC645 AFLP 1 1 
UBC646 AFLP 6 6 
UBC647 AFLP 0 0 
UBC648 AFLP 6 6 
UBC649 AFLP 12 10 + 12 12 
UBC650 AFLP 3 3 
UBC651 AFLP 7 6 + 7 7 
UBC652 AFLP 11 11 
UBC653 AFLP 0 0 
UBC654 AFLP 9 9 
UBC655 AFLP 9 10 + 11 11 
UBC656 AFLP 1 1 
UBC657 AFLP 1 1 
UBC658 AFLP 0 0 
UBC659 AFLP 4 10 + 12 12 
UBC660 AFLP 14 14 
UBC661 AFLP 4 4 + 
UBC662 AFLP 13 13 
UBC663 AFLP 8 9 + 10 5 + 
UBC664 AFLP 6 6 
UBC665 AFLP 0 0 
UBC666 AFLP 4 5 + 
UBC667 AFLP 5 5 
UBC668 AFLP 4 4 
UBC669 AFLP 0 0 
UBC670 AFLP 3 4 + 5 8 + 
UBC671 AFLP 10 12 + 14 10 + 
UBC672 AFLP 2 2 
UBC673 AFLP 2 5 + 6 6 
UBC674 AFLP 8 8 11 11 
UBC675 AFLP 13 13 
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Pools" Number of Bands Number of Bands High Resolution Mapping 
Amplified (Final) Population' 
!Initial) 
RAPDor 
RAPD AFLP Pools PoolA0 Pool B" PM0 PoolA0 Pool B" PM RIMP COSEG Size Marker 
Primer" bo Desianation• -UBC676 AFLP 10 6 + 11 8 + 
UBC677 AFLP 5 5 + 3 3 
UBC678 AFLP 0 0 
UBC679 AFLP 10 10 
UBC680 AFLP 5 5 
UBC681 AFLP 7 18 + 10 10 
UBC682 AFLP 16 16 + 
UBC683 AFLP 0 0 
UBC684 AFLP 2 8 + 8 11 + 
UBC685 AFLP 11 11 9 9 
UBC686 AFLP 8 8 + 
UBC687 AFLP 0 0 
UBC688 AFLP 11 11 
UBC689 AFLP 2 6 + 1 7 + 
UBC690 AFLP 1 1 
UBC691 AFLP 9 10 + 8 8 
UBC692 AFLP 0 0 
UBC693 AFLP 4 4 
UBC694 AFLP 11 11 
UBC695 AFLP 0 0 
UBC696 AFLP 9 9 
UBC697 AFLP 11 11 
UBC698 AFLP 3 3 
UBC699 AFLP 7 7 
UBC700 AFLP 0 0 
TOTAL 2400 2399 
•RAPD primers from Operon Technologies Inc., Alameda, CA (OP) and Oligonucleotide Synthesis Laboratory, University British Columbia, Vancouver, Canada 
(UBC). 
"RAPD pools are the original pools and the AFLP pools are the adjusted pools. 
0Pool A: The barley recombinant pool that contains the M/a6 resistance allele. 
• Pool B: The barley recombinant pool that contains the Mia 13 resistance allele. 
•PM: + represents the presence or absence of a product, while represents no difference in the products amplified. 
'High resolution - mapping populations are the two populations used to map polymorphic primers. The recombinant interval mapping population (RIMP) consists of 2 
reciprocal recombination events per mapping interval between Hort and Hor2. The fine - mapping barley population consists of 100 individuals that have one 
· recombination event only between the Xmwg068 to Xmwg036. 
• Marker designation is the name given to the new markers when place on the barley map. 
"Empty refers to a particular primer was not available. 
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APPENDIX B: .EXPLORATORY RES,EACH 
This appendix contains the information gathered during the exploratory 
research. Preliminary steps must be accomplished and verified to achieve the 
objective of the research project. The following is a technical look at the procedures 
used in this_ research. This appendix includes the determination of pool size, the 
efficiency of bulked segregant analysis, technical protocols, and bibliography. 
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Determination of Size of the Pool 
Bulked segregant analysis is the pooling of DNA from individuals in a 
segregating population. The difficulty with bulked segregant analysis is the 
generation of false positives due to incorrect pool size. Predetermining the size of 
the pool eliminates the majority of false positives (Giovannoni et al. 1991; 
Michel more et al. 1991 ). 
Individual DNAs of the parental accessions were pooled together in various 
dilutions. The resistance specificities Mla6 + Mia 14, and Mia 13 + MI-Ru3 are 
contained ir:t C.I. 16151 and C.I. 16155, respectively. The DNA of C.I. 16151 and 
C.I. 16155 were pooled together in the following dilutions: 1 :1, 1 :2, 1 :4, 1 :8, 1 :12, 
1: 16, and 1 :20. Figure 5 represents the preparatory research to determine a 
feasible pool size. These pools were tested with four primers to reveal various 
polymorphisms in a particular pool. The OPA-11 primer (Fig. 5A) reveals a 
C.1.16151-cimplified DNA product in the original parental lane and only in the 1 :1 
dilution. This primer requires more than two individuals in the pool to identify a 
polymorphism. Whereas, the OPA-10 primer (Fig. 58) displayed a C.I. 16155-
amplified DNA product in the original parental lane and a slight C.I. 16155-amplified 
DNA product still in the 1 :8 dilution. This primer would require the pools to contain 
greater than eight individuals. The OPA-07 primer (Fig. SC), alternatively, has a C.I. 
16151-amplified DNA product in the original parental lane and a slight product visible 
up to the 1 :20 dilution. The UMC150 primer (Fig. 5D} has a C.I. 16155-amplified 
DNA product in the original parental lane and reveals a C.I. 16155-amplified DNA 
product in all the dilutions. These primers would need more than sixteen individuals 
in a pool. These preliminary experiments imply that various pool sizes would be 
necessary for different RAPD primers. To eliminate the various sizes required it was 
determined that the pools should contain more than ten individuals but less than 
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twenty. Therefore, Pool-A was composed of DNA isolated from 14 individuals that 
were homozygous for the Mla6 and Mia 14 specificities. Pool-B was composed of 
DNA isolated from 14 individuals that were homozygous for the Mia 13 and MJ-Ru3 
specificities. 
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Fig. 5. Feasible pool size determination. The accession C.I. 16151 contains the 
resistance specificities Mla6 + Mia 14, while C. I. 16155 has Mia 13 + MI-Ru3. The 
presence of DNA amplification product in the dilutions indicates the sensitivity of the 
pools to various primers. This helps determine the pool size and reduce the generation 
of false positives. The arrows indicate the presence of fragments in the barley 
accessions and the dilutions. 
A. The DNA was amplified from C.I. 16151and in the 1 :1 dilution with primer OPA-11 
(Operon Technologies). 
B. The DNA was amplified from C.I. 16155 with primer OPA-10 (Operon 
Technologies) and in all the dilutions through 1 :8. 
C. The DNA was amplified from C.I. 16151 with primer OPB-07 (Operon 
Technologies) and in all dilutions through 1 :20. 
D. The DNA was amplified from C.I. 16155 with primer UBC150 (Carlson) and in all 
the dilutions. -
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Efficiency of Bulked Segregant Analysis 
Bulked segregant analysis allows for the identification of new markers in an 
area of interest. To demonstrate the proficiency of bulked segregant analysis in 
finding new markers in the interval of interest, the RAPD primers were tested on 
DNAs of both the pools and the individual barley accessions. When both the 
accession and the pool amplify the same size fragment then the fragment may be in 
the region of interest. When the primer amplifies product in the accession and not in 
the corresponding pool, then the detected fragment is not in the region of interest. 
When the primer amplifies a product in the pool and not in the accession, then the 
detected fragment may be in the region of interest. 
Forty-eight RAPD primers were tested on C.I. 16151, C.I. 16155, Pool-A, and 
Pool-8. Figure 6 represents the differences between the pools and the parental 
accessions in the DNA products amplified. Various polymorphisms were detected in 
the pools and the accessions. The primer UBC523 (Fig. 6A) is an example of the 
accessions and pools amplifying the identical product pattern. Both the accessions 
and the pools are capable of identifying alike fragments. The primers UBC508 (Fig. 
68) and UBC159 (Fig. 6C) are examples of a pattern difference between the barley 
parental accessions and the pools. Primer UBC508 (Fig. 68) generated a C.I. 
16155-amplified DNA product, but does not appear in either pool. Primer UBC159 
(Fig. 6C) identifies two different polymorphisms. One C.I. 16155-amplified DNA 
product is present in the accession, but is not present in either pool. This 
polymorphism identified is not in the region of interest. Whereas, the other C. I. 
16155-amplified DNA product amplifies in both the accession and Pool-8. The 
polymorphism that may map to the region of interest. 
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Fig. 6. Agarose gel electrophoresis demonstrating the efficiency bulked 
segregant analysis in comparison to the entire genome with barley accessions. 
The accession lines C.I. 16151 and C.I. 16155 contain the Mla6- and M/a13-
resistance specificities. Pool A and B each contain genomic DNAs from 14 
homozygous recombinant lines containing the Mla6- and Mia 13- resistance 
specificities, respectively. Arrows indicate: 
A. A similar DNA amplification pattern was generated in both the 
accessions and pools with UBC523 RAPD primer. 
B. The presence of a fragment in the C.I. 16155 accession generated 
with UBC508 RAPD primer, which was not in either of the pools. The 
polymorphism may be anywhere in the entire barley genome, but not present in 
the interval of interest. 
C. The different DNA amplification products the UBC-159 RAPD primer 
generated between the accessions and the pools. The top arrow indicates the 
presence of a DNA amplification product in the C.I. 16155 accession, which 
was not present in the pools. Whereas, the bottom arrow indicates the 
presence of a DNA amplification product in both the C. I. 16155 accession and 
Pool B. Similar polymorphic DNA amplification product which may indicate the 
RAPD primer generating a similar region. 
58 
Insert Preparation 
A modified method of recovering DNA from agarose gels was used (He 1992; 
Li 1993; Hengen 1994). A small hole was pierced the bottom of a 0.5-ml centrifuge 
tube and a small piece of WHATMAN GF/C glass microfiber filters (Whatman 
Labsales, Hillsboro, OR) blocked the aperture. The sterile 0.5 ml centrifuge tube 
was placed into a sterile 1.5 ml centrifuge tube. The amplification product was 
excised from the agarose gel, placed in a 0.5 ml centrifuge tube, and centrifuged for 
30 seconds at 15,000 rpm. The buffer solution containing the DNA was passed 
through the glass microfiber filter into the 1.5 ml centrifuge tube. DNA fragments 
were resolved by electrophoresis at 80 volts for 4 hours on a 2% thin (3 mm) 
agarose gel containing 1 X TBE buffer (0.089 M Tris, 0.089 M Borate, 0.002 M 
EDTA) (Sambrook et a/.1989). This technique was referred to as the centrifuge-
squish method. This method may also co-elute contaminants that may effect further 
evaluations of the DNA. 
An alternate method for excising, purifying, and recovering large percentage 
of the nucleic acid was to use a modified S&S procedure requiring NA45 paper 
(Schleicher & Schuell, Keene, NH). The DNA of interest was resolved by 
electrophoresis to achieve good separation. The interception of the nucleic acid 
DNA fragment was achieved by inserting NA45 paper below the nucleic acid DNA 
fragment. Gel electrophoresis was resumed until the nucleic acid was bound to the 
NA45 paper. The paper was removed from the gel with forceps and placed in a 
sterile 1.5 ml centrifuge tube containing 300 µI High Salt (1.0 M NaCl, 0.1 mM 
Na2EDTA, 20 mM Tris-HCI, pH 8) to extract the nucleic acid from the NA45 paper. 
The tube was incubated for 30 - 60 minutes at 65°C, agitating every 15 minutes. 
The High Salt solution was removed and placed into a new sterile 1.5-ml centrifuge 
tube. A phenol-chloroform extraction (75% phenol:25% chloroform:isoamyl alcohol) 
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was performed twice on the high salt solution. The nucleic acid was precipitated, 
washed, and re-suspended in the appropriate volume of distilled water. The DNA 
concentration was verified by either gel electrophoresis or GeneQuant II (Pharmacia, 
Piscataway, NJ). 
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This appendix includes additional references for setting up PCR and other 
useful references. 
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